A fragment from the ponB region of the Escherichia coli chromosome comprising the promoterless sequence encoding penicillin-binding protein 1B (PBP 1B) has been cloned in a broad-host-range expression vector under the control of the kanamycin resistance gene promoter present in the vector. The hybrid plasmid (pJP3) was used to transform appropriate strains of SalmoneUa typhimurium, Pseudomonas putida, and Pseudomonas aeruginosa. In all instances, the coding sequence was expressed in the heterologous hosts, yielding a product with electrophoretic mobility, protease accessibility, membrane location, and ,-lactam-bindig properties identical to those of native PBP 1B in E. coli. These results indicated that PBP 1B of E. coli is compatible with the cytoplasmic membrane environment of unrelated bacterial species and support the idea that interspecific transfer of mutated alleles of genes coding for PBPs could potentially be an efficient spreading mechanism for intrinsic resistance to P-lactams.
Penicillin-binding proteins (PBPs) are a set of membranebound enzymes involved in the late stages of peptidoglycan (murein) biosynthesis (16, 59) . PBPs are essential proteins in the control of bacterial morphology, elongation, and cell division, and they constitute the lethal targets for f-lactam antibiotics.
In Escherichia coli, 10 different PBPs have been described previously (43, 45, 46, 49, 51) , 7 of which are well characterized at the genetic and biochemical levels (41, 42, 48) . PBP 1B is a bifunctional enzyme involved in the polymerization of peptidoglycan chains and in their insertion into the sacculus by means of its transglycosylase and DD-transpeptidase activities (52, 53) .
In membrane preparations, three molecular forms of PBP 1B, a, P, and -y, in order of decreasing Mrs, are commonly found. The three polypeptides arise from a single coding sequence (ponB) (30, 51) . PBP lBot (Mr, 94,100) and PBP 1By (Mr, 88,800) originate from two in frame translation initiation codons 46 amino acids apart (3, 22) . The I component derives from PBP lBa by proteolytic release of the first 24 N-terminal amino acids (40, 50) . PBP 1B is presumed to be an ectoprotein anchored to the cytoplasmic membrane through an N-terminal hydrophobic sequence, with the bulk of the protein domains protruding into the periplasm (47) .
Expression of bacterial genes in heterologous systems is a topic of increasing interest, due to its implications for biotechnology. Nevertheless, expression of genes from E. coli in heterologous hosts such as Pseudomonas spp. is not well documented. Available information suggests that metabolic enzymes are in general well expressed and tolerated in the heterologous host (6, 21, 27, 29) . However, the behavior of cell envelope proteins is still poorly known. In this context, PBPs are particularly interesting proteins for their duality as essential proteins for cell growth and as lethal targets for P-lactam antibiotics. PBPs are membrane-bound proteins with extensive periplasmic domains translocated by general mechanisms in the reported cases (20, 31, 37) . Spatial and temporal control of the activities of PBPs seems to be exerted by substrate limitation or specificity (35) and/or * Corresponding author. topological mechanisms of activation and inactivation (36, 57) , rather than by uneven topographical distribution in the membrane (4) or by cell-cycle-dependent variations in their concentration (60, 61) . Therefore, proper localization and functionality of PBPs in foreign hosts would demand a high degree of interspecific compatibility of protein sorting and growth control mechanisms.
A second relevant aspect of research on this topic derives from the fact that mutations in PBPs can confer resistance to certain P-lactams, a phenomenon of increasing concern known as intrinsic resistance (8, 10-12, 26, 34, 44, 55, 56 promoter, coding for a 60-kilodalton hybrid protein (p60) consisting of the 6 N-terminal amino acids of P-galactosidase and the 514 C-terminal amino acids of PBP 1B, was grown in M9 minimal medium supplemented with 1 mM IPTG (isopropyl-,-D-thiogalactopyranoside). Cells from a 10-ml culture were harvested by centrifugation (10,000 x g, 10 min), resuspended at 1010 cells per ml, disrupted by ultrasonic treatment, and centrifuged first at low speed to discard unbroken cells (8,000 x g, 5 min) and then at high speed (40,000 x g, 30 min) to sediment the particulate fraction containing the hybrid protein. This particulate fraction was subjected to preparative sodium dodecyl sulfate-polyacrylamide slab gel electrophoresis (SDS-PAGE) on 8% (wt/vol) acrylamide gels by the method of Laemmli et al. (23) . The region of the gel containing the hybrid protein was cut out, dried, and pulverized. An amount of pulverized material containing about 1 mg of hybrid protein was used as an immunogen to raise an anti-p60 antiserum in rabbits by the method of Tjian et al. (54) . Antibody specificity was tested by immunoblotting. Preimmune serum showed no reactivity with PBP 1B, whereas the polyclonal antibody to PBP 1B neatly recognized the different molecular forms of the protein.
Accessibility to proteases. Exponentially growing cells collected by centrifugation (10,000 x g, 10 min) were washed once and resuspended at a cell density of 1010 cells per ml in 20 mM Tris hydrochloride (pH 8.0)-0.25 M sucrose. Samples (1 ml) were incubated with trypsin at different concentrations in the presence of 5 mM EDTA at 4°C. Proteolysis was stopped by addition of 2 mM PMSF (phenylmethylsulfonyl fluoride) and soybean trypsin inhibitor at 100 ,ug/ml (final concentrations). Cells were sedimented by centrifugation as described above, resuspended in SDS-PAGE sample buffer, and immediately boiled for 10 min. The solubilized materials were fractionated by SDS-PAGE on 10% (wt/vol) acrylamide gels. PBP 1B and PBP lB-related peptides were identified by immunoblotting with anti-p60 antiserum (5) .
Immunoelectron microscopy. Samples of 2 x 109 cells were withdrawn from exponentially growing cultures by centrifugation (10,000 x g, 10 min), and the cell pellets were further processed for immunoelectron microscopy as described by fact, when E. coli MC6F1 (ponB) was transformed with pJP7, no PBP 1B could be detected in the absence of IPTG, either by binding of '25I-ampicillin or by immunoblotting after electrophoretical fractionation of total cell proteins (data not shown). In contrast, 30 min after addition of 2 mM IPTG the amount of PBP 1B was 10-fold higher than that in wild-type cells, as estimated by immunoblotting. These observations indicate that the ponB sequence cloned in pJP7 lacks efficient promoter activity.
Plasmid pJP3 was constructed by ligating the 4.0-kilobasepair EcoRI-BamHI fragment from pFR5A with the large (10.5 kilobase pairs) EcoRI-BamHI fragment of the broadhost-range vector pKT230 (2) (Fig. 1) . In this plasmid, the ponB sequence was cloned inside the kanamycin resistance gene present in pKT230 and was, therefore, expressed constitutively from the kanamycin promoter which is functional in both Escherichia and Pseudomonas species. Introduction of pJP3 into ponB E. coli MC6F1 leads to high level expression of PBP 1B ( Table 2 ) and suppression of the hypersensitivity of this strain to AL-226, a P-lactam with high affinity to PBP 1A, raising the MIC from 2 to 50 ,ug/ml in cells transformed with pJP3. At the higher concentration, PBP 1A is completely blocked and only cells with a functional PBP 1B can survive (39) .
Expression of PBP 1B of E. coli in Salmonella spp. As a first attempt to explore whether PBP 1B of E. coli would be expressed in heterologous hosts, we tried transferring the ponB gene to the taxonomically related species S. typhimurium. S. typhimurium SH6749 cells were transformed with pJP7, selecting the putative transformants by acquisition of resistance against 100 ,ug of ampicillin per ml. Exponentially growing cells of wild-type and transformed strains were harvested, disrupted by sonication, and fractionated by centrifugation into soluble and particulate fractions. The presence of PBPs in each fraction was checked by means of 125I-ampicillin-binding assays. The results of this experiment ( Fig. 2A) clearly indicated that ponB was expressed in S. typhimurium SH6749(pJP7). In fact, two new 125I-ampicillinbinding proteins with mobilities identical to those of PBP lBa and PBP 1B-y were detected in the particulate fraction from the transformed strain. Furthermore, the levels of expression of the a and -y forms of PBP 1B from pJP7 in S. typhimurium SH6749(pJP7) and in E. coli JM1O9(pJP7) were very similar. Absence (Fig. 2B) and 1251I-ampicillin-binding assays (see Fig. 5 ) of purified cell envelope fractions. However, the level of expression was rather dissimilar in both species. In fact, the amount of PBP 1B accumulated in the envelopes of P. aeruginosa PA01162(pJP3) and E. coli MC6Fl(pJP3) was equivalent, but in P. putida KT2440(pJP3) it was only about 1/10 of the values for the former strains (Table 2 and Fig. 2B ). These results clearly show that the ponB gene of E. coli can be expressed at reasonable levels in Pseudomonas species, most likely by using its own ribosome-binding sequences, considering the structure of the vector. Exclusive location of ponB expression products in the cytoplasmic membrane (Fig. 2C ) in both Pseudomonas strains suggests that the proteins were correctly integrated in the membrane.
Further studies on the location and integration of PBP 1B in heterologous hosts were performed on P. putida KT2440(pJP3), as it was considered more appropriate, on the basis of the relatively low accumulation of ponB products that make it less prone to protein distribution artifacts.
Localization of PBP lB in the envelope of P. putida KT2440(pJP3) was confirmed by immunoelectron microscopy in thin sections of Lovacryl-embedded cells treated with rabbit anti-PBP 1B antibodies and goat anti-rabbit gold-labeled antibodies. Results (Fig. 3) clearly show that the antigen was present almost exclusively in the envelope of P. putida KT2440(pJP3) cells and corroborate the interaction of E. coli PBP 1B with the membrane in the heterologous host.
Solubilization of the expression products of ponB from membranes of E. coli MC6Fl(pJP3) and P. putida KT2440(pJP3). To determine whether PBP 1B expressed from pJP3 in P. putida KT2440 was properly inserted into the membrane or was just unspecificially associated with it, envelope fractions of E. coli MC6Fl(pJP3) and of P. putida KT2440(pJP3) were treated with a number of membranedisturbing agents (1% [wt/vol] sarcosyl, 1% [wt/vol] TritonX-100, 1% [wt/vol] Nonidet P-40, 6 M urea, 50 mM EDTA, 0.5 M NaCl, and pH 11.5), and the distribution of PBP 1B between soluble and particulate fractions was evaluated. The effects of the different treatments on the solubilization of PBP 1B from cell envelope preparations of P. putida KT2440(pJP3) and of E. coli MC6Fl(pJP3) were qualitatively and quantitatively comparable in all instances (data not shown), suggesting that the strengths of the interaction between PBP 1B and the cell membrane were similar in both bacterial species.
Accessibility to proteases of E. coli PBP 1B expressed in P. putida KT2440(pJP3). Although PBP 1B seems to interact strongly with the cytoplasmic membrane of P. putida KT2440(pJP3), this does not guarantee proper translocation of the periplasmic domains of PBP 1B through the membrane of the heterologous host. This aspect was studied by means of limited proteolysis experiments in which EDTA-permeabilized cells of P. putida KT2440(pJP3) were subjected to the action of externally added trypsin at a low concentration (20 p.g/ml) for controlled periods of time. Under these conditions, proteins exposed to the periplasmic space can be attacked by the protease, whereas nontranslocated proteins would be efficiently protected by the cytoplasmic membrane. The results of this experiment (Fig. 4) showed that both PBP lBot and PBP 1By were as accessible to trypsin when expressed in P. putida KT2440(pJP3) as they were in E. coli, suggesting that PBP 1B was being properly translocated in P. putida. Furthermore, the dynamics of the digestion in both bacterial species were also alike, leading first (4) and PBP 1B-y (<'). 1251-ampicillin when inserted in the membrane of P. putida KT2440 (Fig. 5) , showing the same pattern of binding as in E. coli cell envelopes. The activity of PBP 1B in E. coli exhibits two peculiar properties: PBP 1B is the most thermostable PBP (30) , and its binding to radioactive ,-lactams is stimulated by 0.5 M n-butanol (38) . These characteristics were also analyzed, upon expression of ponB in P. putida KT2440, to see whether the differences in the membrane environment would significantly alter the response of the protein to changes in the physicochemical conditions. The effect of the addition of n-butanol (Fig. 6A) 
